We present field, petrographic, major and trace element data for komatiites and komatiite basalts from Sargur Group Nagamangala greenstone belt, western Dharwar craton. Field evidences such as crude pillow structure indicate their eruption in a marine environment whilst spinifex texture reveals their komatiite nature. Petrographic data suggest that the primary mineralogy has been completely altered during post-magmatic processes associated with metamorphism corresponding to greenschist to lower amphibolite facies conditions. The studied komatiites contain serpentine, talc, tremolite, actinolite and chlorite whilst tremolite, actinolite with minor plagioclase in komatiitic basalts. Based on the published Sm-Nd whole rock isochron ages of adjoining Banasandra komatiites (northern extension of Nagamangala belt) and further northwest in Nuggihalli belt and Kalyadi belt we speculate ca. 3.2e3.15 Ga for komatiite eruption in Nagamangala belt. Trace element characteristics particularly HFSE and REE patterns suggest that most of the primary geochemical characteristics are preserved with minor influence of post-magmatic alteration and/or contamination. About 1/3 of studied komatiites show Aldepletion whilst remaining komatiites and komatiite basalts are Al-undepleted. MgO, Ni, Cr, Nb, Zr, Y, Hf, and REE) indicate derivation of the komatiite and komatiite basalt magmas from heterogeneous mantle (depleted to primitive mantle) at different depths in hot spot environments possibly with a rising plume. The low content of incompatible elements in studied komatiites suggest existence of depleted mantle during ca. 3.2 Ga which in turn imply an earlier episode of mantle differentiation, greenstone volcanism and continental growth probably during ca. 3.6e3.3 Ga which is substantiated by Nd and Pb isotope data of gneisses and komatiites in western Dharwar craton (WDC).
Introduction
Archaean greenstone belts are dominated by ultramafic-mafic volcanic sequences with minor intermediate to felsic associations. High-Mg volcanic rocks particularly komatiites and komatiitic basalts are more abundant in oldest greenstone sequences and considered to be windows to the Archaean mantle. Komatiites are rare or absent in the Proterozoic and Phanerozoic terrains. Geochemical and isotope signatures of these rocks provide much insight in understanding the chemical and thermal evolution of Archaean mantle, continental growth rates, secondary processes such as metamorphism and fluid induced alteration. They also provide important constraints on the tectonic context of greenstone volcanism and, degree and depth of melting of mantle. During the last three decades komatiites and komatiite basalts have been extensively studied from the Archaean greenstone belts of southern Africa, Canada, Australia, Brazil, Finland, North China, and India (e.g. Jahn et al., 1982; Gruau et al., 1987; Wilson and Carlson, 1989; Xie et al., 1993 Xie et al., , 2012 Arndt, 1994 Arndt, , 2008 Lesher and Arndt, 1995; Fan and Kerrich, 1997; Grove et al., 1997; Parman et al., 1997; Kerrich et al., 1999; Polat et al., 1999; Chavagnac, 2004; Raul Minas and Jost, 2006; Jayananda et al., 2008; Zhai and Santosh, 2011; Dostal and Mueller, 2012; Furnes et al., 2012) . The geodynamic context of komatiite magma generation and eruption are still subjects of discussion, whether komatiite magmas are generated by anhydrous melting of deep mantle or wet melting of shallow mantle Parman et al., 1997 Parman et al., , 2001 Polat et al., 1999; Arndt, 2003; Chavagnac, 2004) . Recently, based on Fe 3þ /SFe ratios of melt inclusions in olivine of komatiites, Berry et al. (2008) have shown anhydrous dry melting of deep mantle generates komatiite magmas during Archaean. Several geodynamic models including oceanic plateaus associated with rising plume, arc setting or combined plume-arc setting have been proposed for the origin of komatiites and komatiitic basalts (De-Witt et al., 1987; Grove et al., 1997; Parman et al., 1997; Polat et al., 1999; Puchtel et al., 1999; Arndt, 2008; Jayananda et al., 2008) .
In the Dharwar craton volcano-sedimentary sequences are well preserved in older Sargur Group and younger Dharwar Supergroup (Swaminath and Ramakrishnan, 1981) . Several petrologic, geochronologic and geochemical studies focused on the volcanic sequences of Dharwar Supergroup (Balakrishnan et al., 1990 (Balakrishnan et al., , 1999 Zachariah et al., 1995; Anil Kumar et al., 1996; Nutman et al., 1996; Sarma et al., 2008; Anand and Balakrishnan, 2010; and Kerrich, 2012) , on the other hand no systematic elemental and isotope studies initiated on the Sargur Group volcanic sequences in the western Dharwar craton (WDC). Earlier studies mainly document field, petrographic and major element characteristics for the Sargur Group greenstone sequences in J.C. Pura, Nagamangala, Bansandra, Mayasandra, K.R. Pet and Kalyadi belts (Charan et al., 1988; Srikantia and Venkataramana, 1989; Srikantia and Rao, 1990; Venkata Dasu et al., 1991) . On the other hand few geochronologic and geochemical studies initiated on Sargur Group volcanics in the WDC Jayananda et al., 2008; Mondal et al., 2008; Mukherjee et al., 2010) . However, no detailed geochemical study initiated on Nagamangala greenstone belt except komatiite documentation by Srikantia and Venkataramana (1989) and Devapriyan et al. (1994) . Consequently, the main purpose of this contribution is to present field, petrographic, major and trace elements for the ultramafic to mafic volcanic rocks of Sargur Group Nagamangala greenstone belt to discuss komatiite volcanism, effects of post-magmatic alteration, composition of mantle sources and geodynamic context of magma generation and eruption, Archaean mantle evolution and continental growth connection.
Geological and tectonic framework of the Dharwar craton
The Dharwar craton, southern India ( Fig. 1) exposes a large tilted section of Archaean continental crust with a progressive transition from upper to lower crustal levels. The craton contains vast areas of 3.36e2.7 Ga TTG gneisses (regionally known as peninsular gneisses), two generations of volcanic-sedimentary sequences (>3.2 Ga Sargur Group and 2.9e2.56 Ga Dharwar Supergroup) and 2.62e2.52 Ga calc-alkaline to potassic granitoids (Chadwick et al., 2000; Jayananda et al., 2000 Jayananda et al., , 2006 Jayananda et al., , 2008 Chardon et al., 2011 for overview) . The craton is divided into two sub-blocks western Dharwar craton (WDC) and eastern Dharwar craton (EDC) based on the abundance of the greenstones as well as age of their surrounding basement, crustal thickness, physical conditions of regional metamorphism and degree of melting of the basement (Swaminath et al., 1976; Rollinson et al., 1981; Jayananda et al., 2006; Chardon et al., 2011) . The steep mylonitic zone along the eastern boundary of Chitradurga greenstone belt is considered to be the dividing line between these two crustal blocks. The WDC is dominated by older basement (>3.2 Ga TTG with interlayered Sargur Group rocks) which is unconformably overlain by 2.9e2.7 Ga Dharwar Supergroup volcano-sedimentary sequences forming large Bababudan, Chitradurga and Shimoga-Dharwar basins (Meen et al., 1992; Nutman et al., 1992 Nutman et al., , 1996 Peucat et al., 1993; Jayananda et al., 2008 Jayananda et al., , 2012 Sarma et al., 2011) . Few 2.62 Ga high-potassic plutons intrude the TTG basement as well as greenstone sequences mark the cratonization of WDC (Jayananda et al., 2006; Chardon, 2011) . On the contrary the EDC comprises younger (2.7e2.6 Ga) grey tonalitic gneisses with large remnants of 3.0e3.32 Ga TTG (Krogstad et al., 1991; Peucat et al., 1993; Nutman et al., 1996; Balakrishnan et al., 1999; Jayananda et al., 2000; Chardon et al., 2002 Chardon et al., , 2011 , thin elongated 2.7e2.56 Ga volcanicdominated greenstone sequences (Balakrishnan et al., 1990 (Balakrishnan et al., , 1999 Nutman et al., 1996; Sarma et al., 2008; Manikyamba and Kerrich, 2011; Jayananda et al., 2012) and most voluminous northesouth trending 2.58e2.52 Ga old calc-alkaline to potassic granitoid intrusions (Krogstad et al., 1991; Peucat, 1995, 2000; Chardon et al., 2002; Moyen et al., 2003; Rogers et al., 2007; Moyen, 2011) . The whole Archaean crust in the Dharwar is craton affected by a major high grade metamorphic event close to 2.51 Ga with slow cooling up to 2.45 Ga (Mahabaleshwar et al., 1995; Peucat et al., 1993 Peucat et al., , 2012 Jayananda and Peucat, 1996) marking the final cratonization.
In the WDC, the Sargur Group volcanic sequences are dominated by ultramafic komatiite and tholeiitic basalts with rare felsic volcanic rocks, whereas the Dharwar Supergroup volcanics contain abundant tholeiitic volcanics with subordinate felsic volcanics. Komatiites and komatiitic basalts are minor or absent in the Dharwar Supergroup greenstone belts. Majority of the earlier studies on the Sargur Group greenstone sequences mainly described either field characteristics including stratigraphic relationships between greenstone belts and surrounding basement or stratigraphy and structure of the greenstone belts (e.g. Viswanatha et al., 1977; Chadwick et al., 1981; Swaminath and Ramakrishnan, 1981; Srikantia and Venkataramana, 1989; Srikantia and Rao, 1990) or document major element characteristics of greenstone volcanics (Venkata Dasu et al., 1991; Devapriyan et al., 1994) . Previous geochronological studies on Dharwar Supergroup of the WDC indicate ages of 2911e2720 Ma for the lower Bababudan Group (Anil Kumar et al., 1996; Trendall et al., 1997a) and 2614e2601 Ma for felsic volcanics of upper Chitradurga Group (Nutman et al., 1996; Trendall et al., 1997b) . On contrary the Sm-Nd whole rock isochron with combined sample suites of tholeiites and felsic volcanics of upper Chitradurga Group indicate ages of 2740 Ma (Anil Kumar et al., 1996) and amphibolites of adjoining Javagondanahalli belt also indicate 2740 Ma . These ages can be correlated with the ages obtained for the mafic volcanics of the EDC greenstone belts (Balakrishnan et al., 1990 (Balakrishnan et al., , 1999 . SHRIMP U-Pb zircon ages together with elemental data characteristics of the EDC greenstone volcanics show two episodes of greenstone volcanism (2.7e2.69 Ga and 2.58e2.54 Ga; Jayananda et al., 2012) in arc-plume environment (Manikyamba et al., 2009) .
In the central part of the WDC Sargur Group volcano-sedimentary greenstone sequences are exposed in several greenstone belts, viz. Holenarsipur, Nuggihalli, Kalyadi, Bansandra, J.C. Pura, Krishnarajpet and Nagamangala belts (Fig. 1) . The focus of the present work is on ultramafic-mafic volcanic sequence in the Nagamangala greenstone belt.
Nagamangala greenstone belt
The Sargur Group Nagamangala greenstone belt locates along the western boundary of the Chitradurga greenstone belt (Fig. 2 ) and extends about 30 km from Nelligere in the north to south of Honakere (Srikantia and Venkataramana, 1989) . The greenstone belt is surrounded by 3.3e3.2 Ga TTG basement in the west and 3.2 Ga TTG in the east (Peucat and Jayananda, unpublished data) . Northesouth trending 3.0 Ga old potassic plutons (Jayananda et al., in preparation) show intrusive relationship along western and eastern boundary of the Nagamangala greenstone belt. The volcanic-sedimentary sequence comprises most abundant ultramafic-mafic association interlayered with sediments such as quartzite and metapelite with minor carbonate and BIFs. The preserved mineral assemblage corresponds to greenschist to lower amphibolite facies conditions of metamorphism (Raase et al., 1986) .
Ultramafic rocks comprise massive to schistose, pillowed to spinifex textured komatiites. The different types of ultramafic rocks include medium to fine grained light greyish green serpentine bearing (Fig. 3) , whitish green serpentine-tremolite-talc and light green to olive green coloured tremolite-actinolite bearing komatiites. At several localities komatiites show randomly oriented 3e6 cm long amphibole crystals. Devapriyan et al. (1994) interpreted such mesoscopic structures from Honnabetta area as spinifex textures. Those fabrics could be pseudo-spinifex structures developed during post-magmatic hydrothermal alteration processes or metamorphism. Distinct spinifex textured komatiites with criss-crossing sheafs closely spaced parallel blades of olivine (altered to serpentine) ranging from 3 to 7 cm observed at about 1.0 km NW of Siddegoudanakoppalu near Basralu (Fig. 4) . Srikantia and Venkataramana (1989) have documented pillow structure in the ultramafic komatiite. In the present study deformed crude pillows observed at few places (Fig. 5) . Ultramafic rocks show north trending steep foliation and occasionally display folding. Mafic rocks are represented by tremolite-actinolite bearing schist, hornblende schist and amphibolite. They occur in association with ultramafic rocks as interlayered sequence but generally confined to higher levels (Devapriyan et al., 1994) . They show well developed cleavage with steep dips (Fig. 6 ). Mafic rocks also show well preserved pillow structures with fine grained chilled margins. Tiny quartz veins measuring 3e4 cm width found along the foliation of the mafic rocks.
Petrography
The studied samples show variation in terms of grain size, texture, mineralogy and alteration processes. Textures ranging from spinifex to occasional cumulate textures. The studied rocks do not preserve any primary mineralogy and the observed mineralogy probably developed during hydrothermal alteration processes associated with regional metamorphism (Raase et al., 1986) .
The petrographic characteristics of studied ultramafic rocks (komatiites) and mafic rocks (tremolite-actinolite schists) are as follows.
The komatiites show the following assemblages: Serpentine -talc-tremolite-actinolite AE carbonate (Fig. 7) . Serpentine-tremolite-actinolite AE chlorite (Fig. 8 ).
Carbonate is a minor phase which occurs as aggregate grains which occasionally forms tiny network of veins. Opaques are not common and rarely found. Chlorite also found as minor phase in few samples.
The mafic rocks exhibit the following assemblages: Tremolite-actinolite-minor plagioclase (Fig. 9 ). Actinolite-hornblende-plagioclase (Fig. 10) .
The preserved mineralogy such as serpentine-talc-tremoliteactinolite-chlorite assemblage together with co-existing actinolite-hornblende suggests greenschist facies to lower amphibolite facies conditions of metamorphism.
Geochemistry

Major and trace elements
Major and trace element compositions of 22 samples presented in Table 1 and analytical procedures are presented in Appendix. The major element oxides used in different plots are on anhydrous basis recalculated to 100. The samples show significant variations in major and trace element contents. The distinction between komatiite and komatiite basalts is based on MgO contents (Arndt and Nisbet, 1982 Fig. 14) .
The studied komatiites and komatiite basalts show large variation in trace element contents. On Harker's binary diagrams they form clustering for komatiites and komatiite basalts. Only Ni and Cr show positive correlation with MgO whilst Zr, Nd and Yb show moderate negative correlation (Fig. 15) . Other trace elements such as Ba, Rb and Zn show scattering. Trends observed for Ni and Cr could be related to olivine fractionation whilst scattering of Rb and Ba could be due to post-magmatic alteration processes.
Rare earth elements (REE)
REE are normalised to ordinary chondrites and divided by 1.2 with values of Pr, Tb, Ho and Tm are interpolated after Taylor and Gordon (1977) . All the samples of the studied komatiites and komatiite basalts show large variation in REE contents. The komatiites exhibit total REE content ranging from 3.71 to 58.99 ppm. The komatiitic basalts display significant variation in REE but generally show higher total REE (26e88 ppm) compared to komatiites. The komatiites are divided into three groups based on total REE, shape of the patterns and Eu anomalies. Group I komatiites are characterized by low to moderate total REE (8.77e22.26 ppm) and show flat REE patterns with (Gd/Yb) N ratios (0.62e1.42) except few samples which show either slight depletion or enrichment in MREE (Fig. 16a) . The second group is also characterized by moderate total REE (12.75e18.16 ppm), flat REE patterns with (Gd/Yb) N ratios of 0.81e1.48 and shows negative Eu anomalies (Fig. 16b) . Group III komatiites are characterized by low total REE (3.71e6.94 ppm) with (Gd/Yb) N values (1.28e1.50) and slightly enriched MREE compared to LREE (Fig. 16c) .
The komatiite basalts show distinct REE patterns. Among the four analyzed samples, sample NBG21 shows low REE and REE pattern is characterized by flat LREE with slight HREE fractionation whilst two samples (NM11b and NM14) show chondritic LREE with HREE enrichment (Fig. 17) . On the contrary the sample NBG13 shows higher total REE with LREE enrichment and HREE fractionation.
The primitive mantle (Sun and McDonough, 1989 ) normalised multi-element patterns of the komatiites displays variable anomalies of LIL and HFS elements.
Group I komatiites show crossing of LIL elements with negative U and positive Pb anomalies, strong negative Hf anomalies and flat HREE including Y (Fig. 18a) . Nb shows either positive or no significant anomalies except one sample that shows negative anomaly whilst Sr shows either negative or no anomaly except one sample showing positive anomaly. Group II komatiites show similar patterns to Group I with slight negative Eu anomalies and without significant Nb anomalies (Fig. 18b) . Group III komatiites show relatively smooth patterns without any crossing of LILE, with positive or without Nb anomalies (Fig. 18c) . They are also characterized by positive Ti anomalies and strong negative Hf anomalies.
On the primitive mantle-normalised multi-element patterns, four komatiite basalts show relatively uniform Ti, Zr, and LREE without significant Nb anomalies and show strong negative Hf anomalies and flat HREE (Fig. 19) . They also show negative Ce, Sr and Eu anomalies. 
Discussion
Timing of komatiite volcanism in Nagamangala greenstone belt
In recent years Sm-Nd and Pb-Pb whole rock isochron ages (Table 2) presented for the komatiites from WDC Mondal et al., 2008; Maya et al., 2011) . In this contribution we do not present Sm-Nd isotope data but we discuss qualitatively the possible time framework of komatiite volcanism in the Nagamangala greenstone belt with respect to timing of surrounding TTG basement considering the isotopic age data presented for komatiites of neighbouring greenstone belts and adjoining TTG. A 16 point SmNd whole rock isochron including the J.C. Pura, Bansandra, Kalyadi and Nuggihalli belts defines an age of 3552 AE 110 Ma for komatiite volcanism in the central part of the western Dharwar craton which is attributed to the eruption of different komatiites within a short time interval with close initial Nd isotopic compositions. Six samples of the J.C. Pura komatiites yield Sm-Nd whole rock isochron age of 3384 AE 200 Ma whilst the surrounding TTG gneiss indicates SHRIMP U-Pb zircon age of 3315 AE 5 Ma (Chardon, 1997) . Komatiites of Kalyadi and Nuggihalli together define an isochron age of 3284 AE 310 Ma . Recently, Maya et al. (2011) presented 147 Sm-
143
Nd whole rock isochron age of 3136 AE 200 Ma for the komatiite suite of Banasandra greenstone belt which forms northern extension of Nagamangala belt (about 40 km north of the present study). Zircons in the gneisses from northwest of Bansandra belt provide U-Pb zircon ages of 3167e3127 Ma (Chardon, 1997) . The ultramafic -mafic sequences of Nuggihalli greenstone belt from the northwest of studied area indicate Pb-Pb whole rock isochron age of 3156 AE 170 Ma (Mondal et al., 2008) whereas the surrounding gneisses provide U-Pb zircon ages close to 3100 Ma (Bidyananda et al., 2003) . The above lines of evidences show extensive greenstone volcanism during 3.35e3.15 Ga which is sub-contemporaneous with accretion of surrounding TTG. Considering the published ages of Banasandra greenstone belt and Nuggihalli-Kalyadi belt located close proximity, we speculate that the time framework of komatiite volcanism in the Nagamangala belt probably occurred between 3.2 and 3.15 Ga.
Post-magmatic processes: alteration and metamorphism
Geochemical (major and trace elements) and Nd isotope studies conducted on the Archaean komatiites across the world show that mobility of LILE and REE in most cases is controlled by secondary processes such as metamorphism or fluid induced hydrothermal alteration processes (Arndt et al., 1989; Tourpin et al., 1991; Gruau et al., 1992; Chavagnac, 2004) . The detailed geochemical study of REE during fluid-rock interaction has shown that mobility of these elements are enhanced by their ability to form complex with F and/ or CO 3 dominated fluid phases (Bau, 1981) . Recent petrologic, geochemical and Nd isotope studies have shown that komatiites in the WDC were not affected by large-scale alteration processes and preserve original REE and Nd isotope signatures. The komatiites and komatiite basalts of Nagamangala greenstone belt are affected by hydrothermal alteration and greenschist to lower amphibolite facies metamorphism (Raase positive Ce anomaly observed could be probably related to precipitation of Ce by circulation of fluid phase in an oxidizing environment. Two samples despite high MgO contents show negative Eu anomalies implying removal of Eu probably during hydrothermal alteration process. Eu anomalies are also observed in the komatiites of other cratons, which are generally attributed to secondary alteration processes (Sun and Nesbitt, 1978; Ludden et al., 1982; Arndt, 1994) . On the Ti/Zr versus Al 2 O 3 /TiO 2 diagram majority of the samples form cluster between Primitive mantle and MORB and do not show scattering, precluding influence of fluid induced alteration processes (Fig. 20) . Published isotopic age data (Peucat et al., 1993 Jayananda and Peucat, 1996; Jayananda et al., 2006) indicate that WDC is affected by at least three major thermal events close to 3.0 Ga, 2.62 Ga and 2.5 Ga as indicated by the Pb-loss in zircons and also emplacement of potassic granites. Fluids associated with these thermal events probably caused the mobility of LIL elements. In summary the studied komatiites and komatiitic basalts were not affected by large-scale alteration processes and chemistry of these rocks can be used to constrain Archaean mantle.
Crustal contamination
The continental crust is enriched in incompatible elements (high LREE and HFSE) compared to mantle. The upward movement of komatiite magmas through continental lithosphere to the surface makes crustal contamination possible. Field evidences such as pillow structure indicate eruption in marine environment. Majority of the studied komatiites do not show LREE enrichment, negative Nb anomalies on the primitive mantle-normalised diagrams which do not show significant crustal contamination. In addition most of the studied komatiites are also characterized by relatively high Zr/Th (28e93) in the range of primitive mantle, except four samples close to continental crust (Zr/Thw20). This argues against incorporation of large amount of old continental crust into the komatiite magma during their ascent. This argument is also supported by Ti/Zr, Nb/U, Nb/Th, Nb/La ratios which are close to the recommended values for mantle (Hofmann, 1988) . Consequently it seems unlikely that crustal contamination is responsible for chemical characteristics of Nagamangala komatiites.
Magmatic differentiation
The analyzed samples are mainly komatiitic and only four samples are komatiitic basalts in composition. They form two clusters on binary diagrams and do not define linear trends for major and trace elements indicating that these magmas were not evolved by differentiation of single parental magma but two magmas probably derived from different depths and evolved independently. Negative trends of Al 2 O 3 , Fe 2 O 3 , CaO, TiO 2 , SiO 2 and P 2 O 5 against MgO suggest olivine fractionation (see Fig. 14) . Further, the strong positive correlation of Ni, Cr with MgO but negative correlation with Al 2 O 3 and TiO 2 can be attributed to fractionation of olivine. The moderate negative correlation of Zr, Y and Yb indicates possible garnet involvement as fractionating phase.
5.5. Nature and composition of mantle sources 5.5.1. Al-depletion in komatiites Based on Al-contents two major types of komatiites have been recognized viz. Al-depleted and Al-undepleted (Nesbitt and Sun, 1976; Sun, 1984) . Further, Arndt (2003) has classified komatiites Al-depleted Barberton-type and Al-undepleted Munro-type. The Barberton-type komatiites are characterized by high CaO/Al 2 O 3 (>1.0) and low Al 2 O 3 /TiO 2 (<16) which are common in the oldest (>3.3 Ga) greenstone sequences. On the contrary the Munro-type komatiites exhibit lower CaO/Al 2 O 3 (<1.0) and higher Al 2 O 3 /TiO 2 (>20) which are mainly confined to younger (w2.7 Ga) greenstone successions and also found in Proterozoic and Phanerozoic plateaus (Kerr et al., 1996) . The Al-depleted and Al-undepleted nature reflects essentially anhydrous melting of hot mantle at different depths (Arndt, 2008) . The Al-depleted komatiites are explained by melting of mantle at greater depth in the presence of residual garnet. At relatively shallower depth garnet melts near peridotitesolidus and removed from the residue before melts acquire komatiitic composition which results in the formation of Alundepleted komatiite (Arndt, 2003) . Experimental studies (Ohtani et al., 1989; Herzberg, 1999) have shown that Al-depleted komatiites are generated by partial melting of peridotite at pressures greater than 8 GPa, whilst Al-undepleted komatiites have been explained by high degree melting of peridotite at shallow level in mantle. Further, Jahn et al. (1982) and Gruau et al. (1992) In the present study about 1/3 of the analyzed komatiites and komatiite basalts samples show Al-depletion (CaO/Al 2 O 3 > 1.0, Al 2 O 3 /TiO 2 18) implying involvement of garnet in residue of mantle source while remaining samples generally show lower CaO/ Al 2 O 3 (>1.0) and higher Al 2 O 3 /TiO 2 (>20) suggesting garnet melting during generation of komatiite magma. Major element ratios in combination of (Gd/Yb) N ratios have been used to characterize sources (Jahn et al., 1982; Arndt, 2003) . Five samples despite their high (Gd/Yb) N ratios and MgO contents (>30 wt.%) show low Cao/Al 2 O 3 ratios (<1.0). On the other hand two komatiite basalts show slightly higher CaO/Al 2 O 3 values despite low MgO contents. Chikhaoui (1981) has explained that CaO content in volcanic rocks is generally reduced by hydrous alteration causing the lowering of CaO/Al 2 O 3 ratios. Such mechanisms of postmagmatic hydrothermal alteration of komatiites can explain the observed values of lower CaO/Al 2 O 3 ratios despite high MgO (>30 wt.%), low Al 2 O 3 /TiO 2 ratios (<18) and higher (Gd/Yb) N values. In this study bivariate plots of (Gd/Yb) N versus CaO/Al 2 O 3 ratios (Fig. 21a) as well as Al 2 O 3 /TiO 2 ratios (Fig. 21b) indicate variable involvement of garnet either as residual phase during melting or garnet entering melt.
Constraints from trace elements
About 60 percent of samples show chondritic to sub-chondritic REE and other incompatible elements whilst remaining samples display slightly higher REE contents implying heterogeneous but generally depleted mantle source. The komatiitic basalts also show chondritic to sub-chondritic REE (25e53 ppm) except one sample show slightly higher total REE (88 ppm) suggesting its derivation from a source similar to primitive mantle. Zr, Hf, Y anomalies have been used to characterize nature of sources and composition of melt residues (Xie et al., 1993; Fan and Kerrich, 1997; Polat et al., 1999) . Strong negative Zr and Hf anomalies in Al-depleted komatiites from Barberton greenstone belt and Superior province reflect their derivation from deep mantle melt segregation in a plume with residual majorite garnet at depths of 400 km (Lahaye et al., 1995; Polat et al., 1999) . We interpret the observed moderate to strong negative Zr and Hf anomalies with relatively flat HREE in Al-depleted and Al-undepleted komatiites as reflecting the melt generation at different depths (around 350e250 km) in mantle. On the other hand the absence of Zr anomalies in komatiite basalts together with Al-undepleted character can be attributed to shallower melting of mantle (shallower mantle around 250 km depth) for the melt generation. Nb anomalies on the primitive mantle-normalised multielement spider diagrams have been used to characterize different mantle sources as well as a powerful tectonic discriminate between plume and arc settings (Jochum et al., 1991; Puchtel et al., 1997) . Strong negative Nb anomalies have been explained in terms of magma generation at shallower mantle in arc environments or even crustal contamination processes (Polat and Kerrich, 2000) . On the contrary positive Nb anomalies have been attributed to their derivation from plume source that contain recycled slab material at greatest mantle depths (Kerrich and Xie, 2002) . However, the thermo-mechanical processes of Mesoarchean lateral accretion and rates of down going oceanic slabs are not clearly understood, but lateral movement and rates of down going slabs including their recycling are considered to be faster during Archaean (Fyfe, 1978) . Majority of the studied komatiites from Nagamangala greenstone belt show either zero or slight positive Nb anomalies on primitive mantle-normalised multi-element spider diagrams implying magma generation from a plume source possibly involving recycled slab component. Lack of Nb anomalies and/or positive Nb anomalies in komatiites in Sargur Group greenstone sequences in western Dharwar craton have been interpreted by their derivation from mantle plume containing recycling slab component which could also be substantiated by earlier episodes of crustal growth in arc settings (Naqvi et al., 2009 ). On the other hand studied komatiite basalts and one sample of komatiite (NBG 12) showing negative Nb anomalies together with absence of Zr anomalies on spider diagram could be attributed to their derivation from shallower mantle with garnet melting or elimination of garnet before melt acquires ultramafic composition (Arndt, 2003) . Alternatively observed negative Nb anomalies in few samples can be also explained by contamination with ancient continental crust. However, the low-SiO 2 contents together with high Ni, Cr and low LREE are not in agreement with large-scale crustal contamination. Those studied Al-depleted komatiite samples with strong negative Hf anomalies and corresponding higher (Gd/Yb) N values (>1.0) coupled with lower HREE levels compared primitive mantle possibly derived melt segregation from deep mantle with influence of residual garnet (majorite?) in the source. On the contrary, samples of komatiites and komatiite basalts with low (Gd/Yb) N values (<1.0) coupled with absence of Hf anomalies and higher Zr, Y, HREE contents can be attributed to their melt generation in the shallower levels without involvement of garnet residue. Consequently the observed range of (Gd/Yb) N values, Hf, Zr, Y anomalies and HREE levels indicate magma generation at different depths (approximately 350e250 km) in the mantle with or without involvement of residual garnet.
Melting processes and temperature of komatiite magmas
Hanson and Langmuir (1978) modelled partial melting of mantle melting using the equations of Roeder and Ernslie (1970) for the partitioning of magnesium and iron between olivine and melt, they calculated the abundances of MgO and FeO in the resultant melts and residual solids. The results are presented in MgO-FeO diagram which show a field of melts and of residual solids, both contoured for percentage of partial melting and temperatures. Fractional crystallization trends of olivine in melts of differing composition superposed on the melt field. The MgO-FeO diagram of Hanson and Langmuir (1978) can also give information on the liquidus temperatures of magmas. In addition olivine fractional crystallization paths may be plotted for a given melt composition. In the present study this diagram has been used to evaluate the relationship between komatiites and komatiite basalts. Our data projected on the MgO-FeO diagram (Fig. 22) show that only komatiites plot in the field of liquids probably co-existed with mantle peridotite. On the other hand the komatiite basalts plot outside the liquidus field defined, which could be related to their melts accumulation in shallow mantle or not in equilibrium with mantle peridotite. The komatiites were generated by generally high degree (20e50%) partial melting of mantle with initial liquidus (Gd/Yb) N = 1.05 -1.79 Figure 19 . Primitive mantle (Sun and McDonough, 1989) normalised multi-element diagram of komatiite basalt of Nagamangala greenstone belt. temperatures as high as 1500 C. In summary komatiites and komatiite basalts derived from different depths and related to different degree of melting.
Archaean mantle evolution and crustal growth connection
The time window of 3.4e3.2 Ga is important period in Earth history as large-scale accretion of continental crust in the form of coeval greenstone volcanism, emplacement of voluminous TTG suites and deposition of thick sedimentary sequences documented in several Archaean cratons (Condie, 1998; Kroner et al., 1996; Jayananda et al., 2008) . Archaean greenstone volcanism provides much insight into our understanding of Archaean tectonics, continental growth and mantle evolution Polat and Kerrich, 2000; Jayananda et al., 2008) . Published geochemical and isotopic data show that continental crust has grown at the expense of mantle through partial melting processes (Rudnick, 1995) . Several studies also show episodic outbursts of continental crust through mantle overturn events (Stein and Hofmann, 1994) . However, the mechanisms of continental crust formation and mantle melting processes are still subjects of much discussion over years (De-Witt et al., 1987 Choukroune et al., 1994; Hamilton, 1998; Condie, 1999) .
In the Dharwar craton geochronologic and geochemical data including Nd and Pb isotopes show major continental growth during 3.4e3.2 Ga in the form of greenstone volcanism, TTG accretion (Bhaskar Rao et al., 1992; Meen et al., 1992; Nutman et al., 1992; Peucat et al., 1993 Peucat et al., , 1995 Jayananda et al., 2008; Chardon et al., 2011) . Recent elemental and Nd isotope data on 3.35 Ga komatiites from WDC show existence of depleted mantle reservoirs which in turn would imply an earlier episode of continental growth in the form of earlier plume related greenstone volcanism probably during 3.6e3.5 Ga . The lithospheric mantle also depleted as a consequence of extraction of magmatic protoliths of oldest crustal remnants (Gorur-type gneisses) and provenance of 3.58 Ga sediments. In the present study, majority of the komatiites and komatiite basalts show chondritic or sub-chondritic incompatible elements particularly LREE indicating their derivation from depleted mantle reservoirs during ca. 3.2e3.15 Ga. Existence of such depleted mantle reservoirs can be attributed to an earlier episode of deep mantle melting in the form of an earlier cycle of greenstone volcanism. Published ages together with Nd isotope data in the WDC are in agreement with the above argument as widespread eruption of bimodal greenstone volcanics 3.35e3.38 Ga and TTG accretion documented (Meen et al., 1992; Nutman et al., 1992; Jayananda et al., 2008) . Consequently elemental data of the Nagamangala komatiites and komatiite basalts indicate depleted mantle source. The existence of depleted mantle sources during 3.2e3.15 Ga can be attributed to an earlier episode of greenstone volcanism contributing to continental growth.
Tectonic context of greenstone volcanism
The tectonic context of komatiite magma generation and eruption is still a subject of discussions and debate. Globally studies conducted during the past three decades lead to an intellectual framework evolving into three groups of models involving plume, arc or combined plume-arc settings. Majority of the workers propose either plume setting (Ohtani et al., 1989; Arndt et al., 1997; Kerrich and Xie, 2002; Arndt, 2003) or oceanic plateau originated from deep seated mantle plume (Kerr et al., 1996; Polat and Kerrich, 2000) whilst few propose combined plume-arc setting (e.g. Puchtel et al., 1999; Jayananda et al., 2008) or arc environment (Parman et al., 1997 (Parman et al., , 2001 Grove et al., 1999) . In the WDC both uniformitarian models involving lateral accretion of arcs (Naqvi et al., 2009 ) and non-uniformitarian models involving vertical accretion of crust in hot spot environments are associated with rising mantle plume (Choukroune et al., 1994) . More recently Jayananda et al. (2008) have proposed a combine plume-arc model to explain 3.35 Ga komatiite dominated greenstone volcanism and accretion of sub-contemporaneous TTG in the WDC. Any tectonic model that proposes for komatiite volcanism in the Nagamangala greenstone belt must also account subcontemporaneous accretion of surrounding TTG basement. Further, published isotopic age data of komatiites from neighbouring Sargur Group greenstone belts and their surrounding TTG basement indicate sub-contemporaneous nature. In the following section we discuss various models to explain the tectonic context of komatiite magma generation and eruption within the regional geological framework of WDC. 5.5.5.1. Subduction related arc settings. Lateral accretion of crust in arc environments is considered to be an important process for the origin of Archaean cratons (Martin and Moyen, 2002; Smithies et al., 2003) . This model particularly explains the formation of TTG crust through secular changes in the angle of subduction and depth of melting in response to decreasing geothermal gradients through time (Martin and Moyen, 2002) . Recently Parman et al. (1997 Parman et al. ( , 2001 ) proposed subduction zone model to explain 3.45 Ga Barberton komatiites. However, this model has been debated (Arndt, 2003; Chavagnac, 2004; Jayananda et al., 2008) as it cannot account the chemical characteristics of komatiites particularly Aldepletion, positive Nb anomalies, high MgO, Nb/U, Nb/Th, Nb/La and Th/U ratios and high eruption temperatures of Archaean komatiites close to 1600 C. Mafic magmas generated in subduction related arc settings are characterized by strong negative Nb anomalies in the primitive mantle-normalised multi-element diagrams. Consequently arc setting can be ruled out for komatiite and komatiite basalt volcanism in the Nagamangala belt. 5.5.5.2. Plume model. Several geochemical and isotope studies conducted on Archaean komatiites provide new constraints on the magma generation and eruption. The high magnesium contents, low incompatible elements together with highest eruption temperatures (1600e1700 C) lead to the conclusion that these ultramafic magmas are generated by high degree of melting of mantle at great depths, in the ascending hottest portions of mantle plume (Campbell et al., 1989; Arndt, 2003; Chavagnac, 2004; Jayananda et al., 2008) .
The studied komatiite and komatiite basalt samples show high content of MgO, low incompatible elements (chondritic to subchondritic LREE), variable Al-depletion, and absence of Nb anomalies together with strong negative Hf anomalies consistent with their generation in hot spot environments in deeper mantle (350e250 km depth) associated with rising mantle plume. The observed geochemical characteristics together with high eruption temperatures (w1500 C) and great depth of magma generation favour a mantle plume setting for komatiite and komatiite basalts of Nagamangala greenstone belt. However, the plume model alone does not account the formation of sub-contemporaneous TTG basement. Alternatively a combined plume-arc model can be considered to explain lithological patterns and time framework greenstone volcanism, TTG accretion and emplacement of potassic granites.
5.5.5.3. Combined plume-arc model. Published ages of Sargur Group greenstone volcanics and their surrounding TTG suites indicate sub-contemporaneous nature of their formation. The close lithological association and sub-contemporaneous nature but contrasting elemental characteristics of komatiite-rich greenstone sequences and surrounding TTG require distinct geodynamic settings: (a) the 3.3e3.1 Ga surrounding TTG appears to have formed by hydrous melting of down going oceanic slab within plagioclase stability field (Martin, 1986) ; (b) plume derived 3.2e3.15 komatiites and komatiite basalts in greenstone sequences corresponds to remnants of oceanic plateaus; and (c) elemental and isotopic data of 3.0 Ga potassic granites intrusive into Nagamangala belt represent reworked TTG at lower crustal levels (Jayananda et al., in prep.) .
The elemental data of the studied komatiites and komatiitic basalts particularly depleted LREE do not show any involvement of older crust in their genesis or significant crustal contamination. Consequently it appears that plume has initiated beneath the oceanic crust far from sizable ancient continental land mass (Fig. 23) . The komatiites from Sargur Group greenstone sequences display pillow structures point to their eruption in oceanic environments. Isotopic age data indicate the time difference between plume derived ultramafic volcanic rocks and surrounding TTG is about 30e50 Ma (Peucat et al., 1993 Bidyananda et al., 2003; Jayananda et al., 2008; Mondal et al., 2008; Maya et al., 2011) . Abbott et al. (1994) have convincingly shown that a plume has the thermal potential to produce a thick komatiitic to basaltic oceanic plateau with an average thickness of w35 km. Oceanic plateaus of such great thickness are typically underlain by more refractory lithospheric mantle roots buoyant enough to resist subduction (Cloos, 1993; Abbot and Mooney, 1995) . In this kind of situation rapid subduction of intervening hot oceanic crust and melting within plagioclase stability field generate parental magmas of TTG (see Fig. 23 ). Magmas generated in subduction zone and their eventual crystallization at deep levels results in formation of TTG suites. Closure of arcs and break off of down going slabs probably initiated a hot spot which caused reworking of lower crustal TTG leading to formation of high-potassic granites which emplaced close to 3.0 Ga (Jayananda et al., in prep.) .
Conclusions
The conclusions of this work can be summarized as follows:
(1) Widespread komatiite and komatiite basalt volcanism in Nagamangala greenstone belt possibly during ca. 3.2e3.15 Ga. (2) Komatiites and komatiite basalts derived by melting of mantle at different depths (350e250 km) with or without influence of residual garnet in source and komatiite magmas were coexisted in equilibrium with mantle peridotite with solidus temperatures as high as 1500 C. (3) Trace element data particularly incompatible element content suggest that the komatiites are derived from depleted mantle. (4) The existence of depleted mantle at ca. 3.2e3.15 Ga implies that upper mantle has already lost a melt component in an earlier episode of greenstone volcanism. (5) The komatiite volcanism and surrounding subcontemporaneous TTG accretion can be explained by combined plume-arc model. Advanced Studies, University of Delhi using jaw crusher to get powder of 60e80 mesh sizes and ultimately powdered to 200 mesh size powder using agate mill. 27 samples were selected for major, trace and REE analysis. Pressed pellets were made for major elements determination by X-ray fluorescence spectrometry (XRF, Philips 1400) at the University of Delhi. It is prepared by mixing half a spoon of 200 mesh size with binder (polyvinyl alcohol) in an agate mortar thoroughly and then pressed under hydraulic pressure of about 15,000 kg/cm 2 . Trace elements including REE were analyzed by using ICP-MS (Perkin Elmer ELAN DRC II) at National Geophysical Research institute, Hyderabad (NGRI) using the following dissolution method: accurately weighed 50 mg of the rock sample powder was taken in a 100 mL Teflon beaker and 10 mL of acid mixture consisting of 7:3:1 proportion of HF, HNO 3 and HClO 4 was added and kept overnight with lids on the beakers. Next day the beakers were transferred on to a hot plate at 250 C, heated for 30 min and then the lids were removed and the beakers reheated until dryness. Another 10 mL of the acid mixture is added in the same proportions to the sample in the beakers and dried completely. Then 5 mL of 1 ppm rhodium (Rh) is added with 20 mL of 1:1 HNO 3 and the beakers were kept on the hot plate under a warm condition for 15 min. The solutions were cooled and transferred to a 250 mL volumetric flask and the required volume is made. 60 mL of the solution is taken in a poly propylene bottle for analysis using ICP-MS. Chondrite normalised ratios were calculated using Leedy Chondrite values and primitive mantle-normalised ratios were calculated from the values of Sun and McDonough (1989) .
